Specialization on different host plants can promote evolutionary diversification of herbivorous insects. Work on pea aphids (Acyrthosiphon pisum) has contributed significantly to the understanding of this process, demonstrating that populations associated with different host plants exhibit performance trade-offs across hosts, show adaptive host choice and genetic differentiation and possess different communities of bacterial endosymbionts. Populations specialized on different secondary host plants during the parthenogenetic summer generations are also described for the black bean aphid (Aphis fabae complex) and are usually treated as different (morphologically cryptic) subspecies. In contrast to pea aphids, however, host choice and mate choice are decoupled in black bean aphids, because populations from different summer hosts return to the same primary host plant to mate and lay overwintering eggs. This could counteract evolutionary divergence, and it is currently unknown to what extent black bean aphids using different summer hosts are indeed differentiated. We addressed this question by microsatellite genotyping and endosymbiont screening of black bean aphids collected in summer from the goosefoot Chenopodium album (subspecies A. f. fabae) and from thistles of the genus Cirsium (subspecies A. f. cirsiiacanthoides) across numerous sites in Switzerland and France. Our results show clearly that aphids from Cirsium and Chenopodium exhibit strong and geographically consistent genetic differentiation and that they differ in their frequencies of infection with particular endosymbionts. The dependence on a joint winter host has thus not prevented the evolutionary divergence into summer host-adapted populations that appear to have evolved mechanisms of reproductive isolation within a common mating habitat.
Introduction
Herbivorous insects exhibit an enormous species diversity and elevated diversification rates compared with other clades of insects (Mitter et al., 1988; Farrell, 1998) . It is often assumed that this diversity is promoted by host shifts and host utilization trade-offs (Futuyma & Moreno, 1988; Jaenike, 1990; Fry, 1996) .
Effective exploitation of a new host may require traits or combinations of traits that reduce fitness on the original host, and the divergent selection will eventually favour assortative mating and reproductive isolation (e.g. Nosil et al., 2002) . This mode of ecological speciation is theoretically plausible and increasingly supported by empirical evidence (Via, 2001; Dr es & Mallet, 2002; Rundle & Nosil, 2005; Egan et al., 2012) .
Aphids, in particular the pea aphid Acyrthosiphon pisum, have played an important role in the investigation of host specialization. As cyclical parthenogens, aphids have only one sexual generation per year over winter and they reproduce clonally throughout the growth season. This allows for powerful tests of trade-offs by rearing the same genotypes (clones) on different host plants. The pioneering work of Sara Via took advantage of this to show that pea aphids living on clover and alfalfa represent sympatric host races exhibiting strong performance trade-offs in that they have high fitness on their own host and strongly reduced fitness on the alternative host (Via, 1991a,b) . These host races also show (incomplete) reproductive isolation and they are genetically differentiated (Via, 1999; Via et al., 2000; Hawthorne & Via, 2001) . It has later been demonstrated that host specialization is pervasive in pea aphids and that nearly every genus of legume hosts has its own population of pea aphids, ranging from host races to separate, reproductively isolated species (Peccoud et al., 2009) . These host-associated populations are not only differentiated genetically, they also differ in the frequencies of infection with various facultative or secondary endosymbionts (Ferrari et al., 2012; Smith et al., 2015) . Secondary endosymbionts are heritable endosymbiotic bacteria that commonly infect aphids and can provide important ecological benefits such as defence against parasites or heat tolerance (reviewed in Oliver et al., 2010) , but unlike the obligate or primary endosymbiont Buchnera aphidicola, they are not strictly required for aphid survival. Although it is feasible that random drift leads to different frequencies of secondary symbionts when host races are reproductively isolated, there is comparative evidence suggesting a functional role of endosymbionts in host plant adaptation (Henry et al., 2013 (Henry et al., , 2015 , and experimental evidence is starting to emerge that bacterial endosymbionts can indeed alter aphid performance on particular host plants (Tsuchida et al., 2004; Ferrari et al., 2007; Wagner et al., 2015) .
Another case of host-specialized subpopulations, at first glance comparable to that in pea aphids, occurs in black bean aphids of the Aphis fabae complex (Blackman & Eastop, 2000) . Early work by Iglisch (1968 Iglisch ( ), M€ uller (1982 and Thieme (1987) has shown that black bean aphids collected from a number of different summer hosts are specialized on their 'home' plants and develop poorly when translocated between host plants. Based on this kind of evidence, several morphologically cryptic taxa have been distinguished within the A. fabae complex that have sometimes been treated as species (Lampel & Meier, 2007) , but mostly as subspecies (Heie, 1986; Blackman & Eastop, 2000) . We will adhere to the latter here for the sake of consistency with the bulk of the published literature, whereas remaining impartial as to whether this is the appropriate level of taxonomic classification. These taxa include the nominal subspecies A. f. fabae, mainly associated with broad bean (Vicia faba), sugar beet (Beta vulgaris) and Chenopodium sp.; A. f. cirsiiacanthoides, associated with thistles (Cirsium sp.); A. f. solanella, associated with nightshade (Solanum nigrum); and A. f. mordwilkoi, associated with Tropaeolum majus. The evolution of host-specialized populations is more difficult to understand in A. fabae because in contrast to the monoecious pea aphid, in which the entire life cycle with sexual and asexual generations takes place on the same host plant, A. fabae is host-alternating (heteroecious). Specialization extends only to asexual generations on the herbaceous secondary host plant, because all subspecies return to the same primary host plant in autumn to mate and lay overwintering eggs. The primary host is the European spindle tree (Euonymus europaeus) and occasionally the guelder rose (Viburnum opulus), particularly for A. f. mordwilkoi. Interestingly, a non-host-alternating (sub)species permanently residing on spindle trees has also been described, A. (f.) euonymi (Heie, 1986; Blackman & Eastop, 1994) . The shared primary host entails that every sexual generation there is the potential for hybridization between subspecies specialized on different secondary host plants. It also means that mate choice and (secondary) host choice are decoupled. Both conditions seem obstructive to ecological speciation compared with monoecious aphids, in which adaptive host choice will naturally lead to assortative mating (Hawthorne & Via, 2001 ). It appears that for the subspecies to remain distinct, assortative mating on the primary host or some other form of reproductive isolation must have evolved. Although there is some evidence supporting this assumption, isolation seems far from perfect (Thieme & Dixon, 1996; Raymond et al., 2001) .
Astonishingly, very little population genetic information is available as to whether the proposed subspecies of A. fabae are genetically differentiated. A study using allozyme electrophoresis found evidence of genetic differentiation (J€ org & Lampel, 1996) , whereas another using microsatellites did not report any estimates of genetic differentiation (Coeur d'Acier et al., 2004) . In both cases, inference might have been hampered by the relatively small number of clones analysed per subspecies. It is further unknown whether different subspecies of A. fabae vary in their frequencies of infection with secondary symbionts. Could it even be that the ability to grow and reproduce on specific secondary hosts is determined by the possession of particular endosymbionts, such that black bean aphids mate and disperse randomly and are 'sorted' into host-specialized populations every spring anew? Under such a scenario, no genetic differentiation among aphids from different secondary host plants would be expected.
Here, we present a comprehensive sampling of black bean aphids from different plants, namely Chenopodium album (secondary host of A. f. fabae) and thistles of the genus Cirsium, mainly Ci. arvense (secondary host of A. f. cirsiiacanthoides) across many sites in Switzerland and France. Microsatellite analysis and diagnostic PCRs for several secondary symbionts showed clearly that aphids from Chenopodium and Cirsium exhibit strong genetic differentiation and unequal frequencies of infection with bacterial endosymbionts, indicating that the use of a common primary host plant has not prevented the evolutionary divergence into distinct hostadapted populations.
Materials and Methods

Aphid collection
From May to early July 2009, we collected aphids from their secondary hosts at fourteen sites in Switzerland and three sites in France (Fig. 1) . Aphis f. fabae was collected from Ch. album, A. f. cirsiiacanthoides mainly from Ci. arvense and with a few individuals from Ci. vulgare (29 of 290). Potential host plants were checked for aphid colonies and one individual was collected from each infested plant, with a minimum distance of 5 m between two colonies of the same subspecies to avoid collecting clonal descendants from the same individual. The goal was to collect at least 20 aphids from each subspecies per site, although this was not quite achieved for all sites (Table 1) . Aphids were collected into individual tubes and stored at À80°C until DNA extraction.
Microsatellite analysis and secondary symbiont detection
Aphid DNA was prepared using a Chelex â protocol (Bio-Rad, Hercules, CA, USA). Aphids were crushed in 1.5-mL tubes with 100 lL of 5% Chelex â suspension and 5 lL of 20 mg mL À1 proteinase K (Sigma, SaintLouis, MO, USA). The samples were then incubated at room temperature overnight. The next morning, samples were incubated at 65°C for 15 min and at 100°C for 6 min. Extracts were briefly vortexed between each stage of the preparation. Samples were finally centrifuged and the supernatant stored at À20°C until use in PCRs. All aphids were genotyped at eight microsatellite loci (Coeur d'Acier et al., 2004) , using a single multiplex PCR as described in Sandrock et al. (2011) . We further tested each aphid for infection with five known facultative bacterial endosymbionts of aphids, namely Hamiltonella defensa, Regiella insecticola, Serratia symbiotica, Rickettsia sp. and X-type or PAXS (Chen et al., 1996; Moran et al., 2005; Guay et al., 2009 ). This was done by diagnostic PCR, amplifying part of the symbionts' 16S rRNA gene. Similar to Peccoud et al. (2014) , we used a multiplex PCR assay to simultaneously test for the presence of these symbionts, using the generic bacterial forward primer 16SA1 (Fukatsu & Nikoh, 1998) , and specific backward primers labelled with fluorescent dyes for each endosymbiont species (Table S1 ). All PCRs also included a specific reverse primer for the obligate endosymbiont B. aphidicola, which is expected to be present in all aphids and thus served as an internal positive control for the presence of amplifiable endosymbiont DNA in the DNA preparation. The PCR was conducted in a final volume of 10 lL with 5 lL of 29 Qiagen â Multiplex PCR Mastermix, the primers, ddH 2 O and 1 lL of DNA extract. The PCR program used a first step of denaturation at 95°C for 3 min followed by 10 cycles at 95°C for 1 min, 65-56°C (touchdown, À1°C per cycle) for 1 min, 72°C for 2 min, followed by an additional 25 cycles at 95°C for 1 min, 55°C for 1 min, 72°C for 2 min and a final extension step at 72°C for 6 min. Fragments were run on an ABI 3730 automated sequencer and analysed in GENEMAPPER 3.7. The assay was ground-truthed with DNA extracts from aphids with known endosymbionts either singly or in mixtures and reliably detected all endosymbionts in mixtures of three or two, also when extracts were mixed at unequal volumes (1 : 9). We further verified the results from the multiplex PCR with single-locus PCRs for a random sample of 70 aphids from multiple species of the genus Aphis (including A. fabae), and we sequenced 2-3 amplicons from each primer combination to confirm the identity of the endosymbionts. The sequences are deposited in GenBank under accession nos. KX531102-KX531114, except for sequences from Rickettsia sp., which were too short for deposition in 100 km Fig. 1 Map illustrating the location of the 17 sampling sites from which black bean aphids were collected for this study. Numbers correspond to the following sites in GenBank. These are available from the corresponding author. The only problems arose through occasional spurious peaks for S. symbiotica caused by 'pull-ups' from strong peaks of the similar-sized B. aphidicola fragment. If unclear, we thus verified the presence or absence of S. symbiotica by doing additional single-locus PCRs checked on agarose gels.
Statistical analyses
We used the software GENEPOP (Rousset, 2008) to calculate expected (H e ) and observed heterozygosities (H o ) as well as F IS for each population (defined as aphids from the same site and host plant) and to test for deviations from Hardy-Weinberg equilibrium. The software FSTAT v. 2.9.3.2 (Goudet, 2002) was used to calculate global and pairwise F ST (Weir & Cockerham, 1984) and to test for deviations from linkage equilibrium. Aphids are parthenogenetic during the growth season, it is therefore possible to collect more than one individual of the same clone. Because this clonal amplification of genotypes would inevitably lead to deviations from equilibria (Sunnucks et al., 1997; Halkett et al., 2005) , all of these calculations were performed with the data restricted to a single representative of each multilocus genotype (MLG) per population. We also calculated the standardized estimates of genetic differentiation G' ST (Hedrick, 2005) and D est (Jost, 2008) using the diveRsity package (Keenan et al., 2013) for the statistical software R 3.0.2 (R Core Team, 2015) .
To quantify the relative importance of host plant and sampling site on genetic differentiation, we used analysis of molecular variance (AMOVA) as implemented in ARLEQUIN v. 3.5 (Excoffier & Lischer, 2010) as well as multiple matrix regression with randomization (MMRR) (Wang, 2013) implemented in the ecodist . Numbers in brackets after site names refer to locations in Fig. 1 . *Significantly > 0 after sequential Bonferroni correction.
package (Goslee & Urban, 2007) in R 3.0.2. The influence of geographic distance on genetic differentiation was further assessed by regressing F ST /(1ÀF ST ) on logtransformed linear distance between sampling sites (separately for aphids from each host plant) and using Mantel tests to infer whether isolation by distance (IBD) is significant (Rousset, 1997) . Finally, we investigated population structure without prior knowledge of the genotypes' site and host association with the Bayesian clustering algorithm of the software STRUCTURE v. 2.3.4 (Pritchard et al., 2000; Falush et al., 2003) . Simulations were run with the admixture model and uninformative priors, and we varied the number of genetic clusters (K) from 1 to 17 (= number of sampling sites). We ran ten independent simulations for each K with 300 000 iterations, of which the first 50 000 were discarded as burn-in, and we inferred the most probable number of genetic clusters from the log probability of the data following the method of Evanno et al. (2005) as implemented in the web application STRUCTURE HARVESTER (Earl & Vonholdt, 2012) . Frequencies of infection with different bacterial endosymbionts were compared between samples from Cirsium and Chenopodium with a MANOVA on arcsinesquare-root-transformed proportions of individuals infected with each symbiont per sample. We further used MMRR on a dissimilarity matrix consisting of pairwise Euclidian distances among these proportions to infer the relative influence of host plant and geographic distance on the endosymbiont composition. The small population sample from Cirsium of site Mendrisio had to be excluded from these analyses because only one DNA extraction yielded amplifiable endosymbiont DNA as indicated by a positive PCR result for the obligate endosymbiont B. aphidicola. For each facultative symbiont separately, we also analysed presence/absence at the individual level with a generalized linear model (GLM) with binomial errors in R, testing for the effects of host plant, site and their interaction.
Results
Microsatellite variation
The number of alleles observed per microsatellite locus ranged from 6 (AF-86) to 47 (AF-beta), with a total of 184 alleles across all loci. The majority of MLGs, that is 627 in total, were represented by a single individual only. The other 45 MLGs were collected more than once. Most of these were collected either twice (33 MLGs) or three times (7 MLGs), but three MLGs were collected four times, one-six times and one ten times. Multiple copies of the same MLGs were observed most commonly in the three southernmost populations from France (18 of the 45 multicopy genotypes, including the two most common ones), consistent with the frequent occurrence of parthenogenetic overwintering in populations from southern Europe, as reported earlier (Sandrock et al., 2011) . When the data were reduced to a single representative of each MLG per population (i.e. aphids from the same site and host plant), tests for Hardy-Weinberg and linkage equilibria followed by sequential Bonferroni corrections revealed significant excess homozygosity in six populations (Table 1) , and significant global linkage disequilibrium between three pairs of loci. However, a Bayesian clustering analysis later showed that the aphids comprised two distinct, host-associated gene pools, albeit with several obvious migrants collected from the 'wrong' plant (see below). When putative migrant genotypes were removed and tests carried out separately for aphids from Chenopodium and Cirsium, homozygote excess remained significant only for two populations (Table S2 ) and no significant linkage disequilibrium was observed in aphids from Chenopodium, although linkage disequilibrium became significant for five other pairs of loci in aphids from Cirsium. This suggests that deviations from linkage equilibrium are due to population substructure rather than physical linkage among loci (see below). Genetic diversity expressed as expected heterozygosity (H e ) was higher in samples collected from Cirsium than in samples collected from Chenopodium at all but one of the 15 sites for which samples from both host plants could be obtained (Table 1 ). The exception was site Zurich (see below). The difference in H e between aphids from Cirsium and aphids from Chenopodium was significant (paired t-test, t 14 = 12.755, P < 0.001).
Genetic differentiation
In 14 of the 15 collection sites where samples from both host plants could be obtained, there was strong and highly significant differentiation between aphids from Chenopodium and Cirsium, with F ST values ranging from 0.179 to 0.341 (Table 1 ). In one site (Zurich), the differentiation between aphids from Chenopodium and Cirsium was lower (F ST = 0.068), but still statistically significant (P < 0.001). The results from the Bayesian clustering analysis showed that this strong differentiation was due to the presence of two distinct gene pools. The best-supported number of genetic clusters was K = 2 (Fig. S1) , and each of these clusters was associated with one of the two host plants (Fig. 2) . However, this analysis also identified several putative migrants, that is genotypes assigned to the cluster associated with the other host plant than the one they were collected from with a probability of > 0.9. Such migrants were particularly common among samples from Zurich, where 7 of 10 genotypes collected from Chenopodium belonged to the cluster typical of Cirsium, which can explain why between-host differentiation was lowest and why the otherwise consistent difference in H e was reversed at this site (see above). It was generally the case that putative migrants from Cirsium on
Chenopodium (22 of 390 genotypes from Chenopodium) were more common than the reverse (3 of 285). This difference is statistically significant (Fisher's exact test, P = 0.002). In accordance with the host-associated genetic structure, AMOVA showed that host plant explained 23.1% of the variation in allele frequencies, whereas site nested within host only explained 3.5% (host plant: VC = 0.765, d.f. = 1, P < 0.001; site: VC = 0.115, d.f. = 30, P < 0.001; within site: VC = 2.431, d.f. = 1318, P < 0.001). When the factors were nested in the reverse order, host nested within site even explained 29.9% of the variation, whereas the variance component for site became negative (site: VC = À0.382, d.f. = 16, P = 1.000; host plant: VC = 0.872, d.f. = 15, P < 0.001; within: VC = 2.431, d.f. = 1318, P < 0.001). In AMOVA, negative covariance estimates can occur when genes from different populations are more related to each other on average than genes from the same population, as can be the case here among individuals from the same host plant at different sites compared with individuals from the other host plant at the same site.
The limited influence of geographic distance was also evident from the genetic differentiation among samples from the same host plants. For samples from Cirsium, the global F ST value was 0.024 (95% C.I. 0.015-0.042, P < 0.001) and IBD was not statistically significant (Fig. 3a) . Genetic differentiation among samples from Chenopodium was somewhat stronger (F ST = 0.061, C.I. 0.042-0.080, P < 0.001) and exhibited significant IBD (Fig. 3a) . However, this difference may in part be due to the higher number of putative migrants from Cirsium on Chenopodium in some of the sites (Fig. 2) . When all putative migrants were excluded, global geographic differentiation of samples from Chenopodium was indeed somewhat reduced (F ST = 0.058, C.I. 0.036-0.080, P < 0.001), whereas that of samples from Cirsium was virtually unaffected (F ST = 0.024, C.I. 0.015-0.042, P < 0.001). IBD, on the other hand, became even stronger in aphids from Chenopodium when migrants were excluded, but it remained nonsignificant in aphids from Cirsium (Fig. 3b) .
Matrix regression provided a similar picture in that coming from different hosts was a highly significant predictor of pairwise F ST (b = 0.20015, P < 0.001), whereas geographic distance was only marginally significant (b = 0.00004, P = 0.040) and provided just a minimal improvement in the overall r 2 compared with a model without geographic distance (r 2 = 0.773 vs. r 2 = 0.771). When all samples from Chenopodium and all samples from Cirsium were pooled (excluding putative migrants), between-host differentiation was highly significant for each microsatellite locus (all P < 0.001), but F ST values varied substantially among loci [minimal F ST = 0.080 (locus Af181), maximal F ST = 0.646 (locus Af86), mean F ST = 0.257]. This was in part due to the known sensitivity of F ST to the amount of genetic variation (Hedrick, 2005; Meirmans, 2006) , as there was a negative albeit nonsignificant correlation between the Fig. 2 Results from the Bayesian clustering analysis in STRUCTURE, using K = 2 clusters. Each genotype is represented by a vertical bar with colours representing the assignment probabilities to each of the two clusters. Genotypes are arranged by sampling site and host plant, showing that one cluster is associated with Cirsium and the other with Chenopodium.
number of alleles at a locus and its between-host F ST (r = À0.495, P = 0.212). This can be avoided by using alternative measures of genetic differentiation such as Hedrick's G' ST (Hedrick, 2005) or Jost's D est (Jost, 2008) . These measures behaved somewhat more consistently but still exhibited ample variation [Hedrick's G' ST : minimum = 0.247 (locus Af48), maximum = 0.954 (locus Af82), mean = 0.680; Jost's D est : minimum = 0.215 (locus Af48), maximum = 0.943 (locus Af82), mean = 0.469], and they were also highly significant for each locus (all P < 0.001).
Infection with bacterial endosymbionts
Of the five bacterial endosymbionts we tested for, H. defensa was the most common on average, followed by R. insecticola, S. symbiotica and Rickettsia. We did not detect the X-type symbiont in any of the black bean aphids (Fig. 4) . Frequencies of infection with these symbionts were unequal in black bean aphids from the two host plants. Taking sites as replicates and the proportion of individuals infected with each symbiont as responses, there was a significant difference between hosts (MANOVA of arcsine-square-root-transformed proportions: Wilk's k = 0.210, F 4,26 = 24.438, P < 0.001), which was largely due to a significantly higher proportion of individuals infected with H. defensa in aphids from Chenopodium (F 1,29 = 56.817, P < 0.001) (Fig. 4) . Multiple matrix regression indicated that coming from different hosts was associated strongly with dissimilarity (Euclidian distance) in symbiont composition (b = 0.21712, P < 0.001), more so than geographic distance, which was also significant (b = 0.00033, P < 0.014), but improved the overall r 2 only weakly (r 2 = 0.254 vs. r 2 = 0.216 for a host-only model). A weak effect of geographic distance does not rule out geographic variation in infection frequencies with different endosymbionts, it just suggests that they show little spatial correlation. Indeed, when we analysed aphids at the individual level for the presence of each symbiont separately, we found a significant difference between aphids from Chenopodium and Cirsium only for H. defensa and S. symbiotica, but variation among sites was significant for all endosymbionts (Table 2) . For H. defensa, R. insecticola and S. symbiotica, the host plant 9 site interaction was significant as well (Table 2) .
Discussion
Black bean aphids of the A. fabae complex have been split into multiple subspecies based on their ability to Fig. 3 Isolation-by-distance plots depicting the relationship between genetic differentiation (F ST /[1-F ST ]) and geographic distance between pairs of sampling sites for black bean aphids collected from Chenopodium (open symbols) and Cirsium (grey symbols) with putative migrants either included (a) or excluded (b). Isolation by distance was significant for aphids from Chenopodium in both cases (migrants included: Mantel r = 0.477, one-tailed P = 0.002; migrants excluded: r = 0.663, P < 0.001), as indicated by the continuous lines, but not for aphids from Cirsium (migrants included: r = 0.238, P = 0.080; migrants excluded: r = 0.222, P = 0.088). Fig. 4 Bar plot illustrating average infection frequencies (proportion infected) of black bean aphids collected from Cirsium or Chenopodium with five facultative bacterial endosymbionts.
use particular secondary host plants, but to what extent these subspecies are genetically distinct has been unclear. Here, we show that the two most abundant subspecies, A. f. fabae and A. f. cirsiiacanthoides, are clearly differentiated at nuclear microsatellite loci and that they also differ in the frequencies of infection with particular bacterial endosymbionts. It is important to note that we did not conduct a comprehensive survey of all facultative endosymbionts that may occur in black bean aphids. This would require more extensive molecular analyses (e.g. Russell et al., 2013) . We did not test for the presence of Arsenophonus, for example, a bacterial endosymbiont recently found to occur commonly in species of the genus Aphis (Jousselin et al., 2013) . At present, it is not possible to tell if the different prevalences of H. defensa and S. symbiotica in the two subspecies simply reflect stochastic variation between reproductively isolated populations, or if they are adaptive. It would be possible, for example, that possessing H. defensa either improves aphid growth on Chenopodium or hampers growth on Cirsium, or -considering that H. defensa protects black bean aphids against parasitoids (Schmid et al., 2012) -that selection by parasitoids is stronger on Chenopodium. These are testable hypotheses worthy of further investigation. What we can exclude is that all black bean aphids mate and disperse randomly and are 'sorted' by selection on different secondary host plants every growth season anew (e.g. according to their endosymbionts), because then we would not see this strong level of nuclear genetic differentiation.
Interestingly, the geographic population structure also differed between the two subspecies of black bean aphids. Genetic differentiation was weaker overall in A. f. cirsiiacanthoides, and there was no significant IBD at the geographic scale covered by our sampling (≤ 560 km as the crow flies), indicative of substantial gene flow over large distances. Somewhat stronger genetic differentiation with significant IBD was observed in A. f. fabae, suggesting more restricted dispersal. Unequal population connectivity thus seems to be another attribute of the two subspecies' ecological distinctness. A higher migratory propensity of A. f. cirsiiacanthoides could also explain that putative migrants from Cirsium on Chenopodium were more numerous than the reverse, although we cannot exclude that ecological isolation is asymmetric as well, such that A. f. cirsiiacanthoides may find it easier to survive for some time on Chenopodium than A. f. fabae on Cirsium.
Our study covered two of the black bean aphid subspecies that are defined ecologically by secondary host plant use. Their clear genetic differentiation suggests that the other subspecies would also exhibit some genetic differentiation, although this needs to be confirmed. The case of black bean aphids is thus similar to that of pea aphids and numerous other herbivorous insects in that ecological divergence resulting from adaptation to different host plants appears to promote genetic differentiation and reproductive isolation (Dr es & Mallet, 2002) . Remarkably, adaptation to specific secondary host plants trades off against the ability to use other secondary hosts (e.g. M€ uller, 1982; Mackenzie, 1996) , whereas all subspecies remain able to feed and reproduce on the primary host, E. europaeus. The fact that subspecies remain distinct despite the continued opportunity to interbreed implies the existence of isolating mechanisms. Crossing experiments summarized by M€ uller (1982) have indeed shown reduced success of between-subspecies crosses, although post-zygotic reproductive isolation between A. f. fabae and A. f. cirsiiacanthoides was clearly not complete. Nevertheless, it may be sufficient to favour prezygotic reproductive isolation by reinforcement (Butlin, 1987) . Prezygotic reproductive isolation by behavioural mechanisms is indeed seen between A. f. fabae and A. f. mordwilkoi in that males show a preference for volatile pheromones from females of their own subspecies and also transfer more sperm during within-subspecies copulations (Raymond et al., 2001 ). This comparison may not be fully representative, however, because A. f. mordwilkoi is the one subspecies frequently using a different primary host, namely V. opulus. Similar data on behavioural isolation between A. f. fabae and A. f. cirsiiacanthoides on E. europaeus would be highly desirable.
It is also possible that temporal segregation mediated by migration timing could contribute to reproductive isolation. Such a phenomenon has been observed in the bird cherry-oat aphid (Rhopalosiphum padi), a hostalternating species comprising two genetically differentiated populations that differ in reproductive mode (sexual and facultative asexual; Delmotte et al., 2002; Halkett et al., 2006) . Because winged migrants of the 
sexual lineages return to the primary host bird cherry (Prunus padus) earlier than those of facultative asexuals, they show little temporal overlap at mating sites and thus remain genetically differentiated (Halkett et al., 2006) . The same mechanism could apply in black bean aphids if A. f. fabae and A. f. cirsiiacanthoides differed in the timing of autumn migration. This hypothesis would be testable by phenological observations combined with genotyping of migrants arriving on the primary host E. europaeus in autumn.
There are alternative explanations to behaviourmediated reproductive isolation that could, at least theoretically, account for the strong nuclear genetic differentiation between secondary host plants. This pattern could also arise in a single polymorphic population with random dispersal followed by selective sorting at multiple nuclear loci that affect either secondary host choice or viability on the different secondary hosts. However, it seems highly unlikely that all of eight mutually unlinked microsatellite loci are so closely linked to nuclear loci under selection that without exception, they show strong and significant differentiation. Also, there was limited time available for viability selection on secondary host plants to take effect, because we sampled during the first half of the growth season, that is relatively early after the migration from E. europaeus to either Chenopodium or Cirsium. The variation among microsatellite loci nevertheless indicated that some genomic regions contribute more to differentiation than others, but that is not unexpected (Jaquiery et al., 2012) .
To conclude, we show that two cryptic subspecies of the black bean aphid exploiting different secondary host plants exhibit unequal frequencies of infection with heritable bacterial endosymbionts and strong genetic differentiation indicative of reproductive isolation, just as in the different host races of the pea aphid (Peccoud et al., 2009; Ferrari et al., 2012) . In contrast to the monoecious pea aphid, in which adaptive host choice entails assortative mating as well, reproductive isolation in the black bean aphid has evolved despite host alternation and the use of a common primary host on which sexual reproduction takes place. The early crossing experiments used to define the host specialization of the black bean aphid's subspecies suggest that genetic effects like hybrid incompatibilities contribute to reproductive isolation today (M€ uller, 1982) . However, this would not have been the case in the early stages of divergence, because the primary host is the ancestral host of these aphids (Moran, 1988 (Moran, , 1992 . The secondary host-specialized populations thus seem to have evolved under continuous opportunity to interbreed on the primary host. It appears that specialization can proceed to the point that ecological selection such as reduced offspring fitness on either secondary host plant of differentially specialized parents starts promoting differentiation (Funk, 2010) , and from that point onwards there is the opportunity for reinforcement to strengthen divergence (Higgie et al., 2000; Hoskin et al., 2005) . It attests to the power of divergent natural selection resulting from adaptation to different hosts that such divergent populations evolve even when mating takes place in a common environment.
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